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Intrauterine growth restriction is associated with persistent which are amplified postnatally. This concept has been
juxtamedullary expression of renin in the fetal kidney. termed ‘programming’ by epidemiological groups [4–6].
Background. Intrauterine growth restriction (IUGR) has Real-time and Doppler ultrasound studies of the fetusbeen linked to impaired renal function and hypertension, sug-
with IUGR suggest prenatal evidence of disturbed renalgesting that an adverse prenatal environment could alter kidney
function. Amniotic fluid volume, which is dependent ondevelopment and renin production.
Methods. Immunohistochemistry and in situ hybridization fetal urine production, is reduced [8], and renal artery
were employed to localize renin-containing cells (RCCs) in the blood flow is impaired in association with other hemody-
deep, middle, and superficial zones of autopsy kidney sections, namic changes [9]. The IUGR fetus is chronically hypox-in parallel with histologic maturation, from unexplained still-
emic [10, 11], and this is associated with increased plasmaborn fetuses of normal weight (N 5 26) and stillborn fetuses
renin activity and raised circulating angiotensin II con-with IUGR (N 5 17).
Results. In the control group, the number of RCC per 100 centration [12, 13]. Experimental hypoxemia [14–16] or
glomeruli in the deep zone decreased with advancing gestation infusion of angiotensin II [17] into the sheep fetus mimics
from 40 at 20 weeks gestation to five at term (P , 0.001),
the hemodynamic alterations observed in the humanwhereas the opposite change was found in the superficial zone
growth-restricted fetus.(increase from 5 per 100 to 55 per 100; P , 0.001). In the
IUGR group, the density of RCCs in both the superficial and We hypothesized that in cases of severe IUGR resulting
deep zones was similar to the control group at 20 weeks, and in antepartum death of the fetus, there would be a marked
no shift in renin gene expression was observed as gestation disturbance of renin production within the kidney. We
advanced. Histologic maturation was unaltered.
have previously demonstrated the location of stored re-Conclusions. Renin gene expression persists and predomi-
nin within renin-containing cells (RCCs) of the devel-nates in the deep renal cortex of the stillborn IUGR fetus, and
could contribute to the pathogenesis of neonatal oliguria and/ oping human fetal and neonatal kidney [18]. In this study,
or hypertension during postnatal life. we compare the distribution of RCCs in stillborn IUGR
kidneys with those from normally grown control cases.
Intrauterine growth restriction (IUGR) is a major
METHODScause of perinatal mortality [1] and is associated with
impaired postnatal renal function [2], cerebral palsy [3], Clinical methods
and an increased risk of hypertension and cardiovascular Fetal autopsies for the West of Scotland Region are
disease during adult life [4–6]. The predisposition to hy- performed centrally at the Royal Hospital for Sick Chil-
pertension may be conferred by the kidney [7]. One dren. All records for the period 1986 to 1992 were re-
explanation is that some functional aspect of renal matu- viewed (by A.H. and J.K.) to identify two groups of
ration is disturbed during fetal life, the consequences of singleton pregnancies in which fetal death had occurred
prior to the onset of labor and for which adequately
preserved kidney tissue was available. The hospital notesKey words: neonate kidney, growth retardation, renin gene expression,
hypertension, prenatal environment, kidney development. were then reviewed to exclude any chronic maternal
disease or where drugs other than iron or vitamins hadReceived for publication August 5, 1997
been prescribed during the antenatal period. In all cases,and in revised form August 21, 1998
Accepted for publication September 12, 1998 gestational age had been verified by ultrasound examina-
tion before 16 weeks. The control group (N 5 26) com- 1999 by the International Society of Nephrology
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prised stillborn fetuses with no anatomic abnormality at RCCs in each zone was counted. The area of each zone
was calculated from the map, and the density of renin-autopsy and with birth weights above the 25th percentile
secreting cells was expressed either as the number offor gestational age (range 20 to 42 weeks). The IUGR
renin-secreting cells per 100 glomeruli or per mm2 ofgroup (N 5 17), defined by a standard classification of
renal cortex. A representative map is shown in Figure 1.perinatal loss [19], comprised normally formed fetuses
with birth weights less than the fifth percentile for gesta-
Maturation of the renal cortextional age (range 20 to 40 weeks).
Because the kidney grows radially outward, matura-
Immunocytochemistry tion of the cortex was assessed by calculating the propor-
tion of immature glomeruli in the outer zone. ImmatureThe kidneys had been sectioned transversely through
glomeruli ranged from Y- and S-shaped forms, throughthe hilum in a standard manner, and blocks were fixed
those that were fully formed but lacked patent capillaryin 10% neutral-buffered formalin and were embedded in
tufts, to vascularized glomeruli, which had immature epi-paraffin wax. Tissue sections (4 mm) were immunostained
thelial cells [23].using a monospecific rabbit antiserum raised against pure
human renin and a standard immunoperoxidase tech-
Data analysisnique and were counterstained with the periodic acid-
Linear regression analysis was used to assess the rela-Schiff method. Appropriate control sections were included.
tionship between change in zonal density of RCCs andThe method has been described in detail previously, and
gestational age in each group, and a comparison betweenits staining specificity is well characterized [20].
regression models was made using the F-ratio method
In situ hybridization [24]. Where no regression relationship was demon-
strated, comparison of means was made by one-way anal-Representative cases from each group with optimal
ysis of variance.preservation were selected for parallel in situ hybridiza-
tion. A 0.64 Kb cloned cDNA representing the 39 end
of human renin mRNA [21] was subcloned into the RESULTS
Bluescript vector (Stratagene Limited, Cambridge, UK) Renin-containing cells were identified immunocyto-
from which we prepared riboprobes labeled with digoxy- chemically by diffuse and/or granular cytoplasmic stain-
genin using a commercial kit (Boehringer-Mannheim, ing (Fig. 2A), and renin synthesis at these sites was con-
Mannheim, Germany), and the manufacturer’s instruc- firmed by in situ hybridization on adjacent sections (Fig.
tions were followed. Labeling was confirmed by North- 2B). Most RCCs were located within a juxtaglomerular
ern blotting. Deparaffinized 4 mm sections were treated apparatus, although a small proportion were situated in
with proteinase K, 0.2 m HCl, 0.3% Triton-X 100, prehy- interlobular arteries and arterioles distant from a glo-
bridized for one hour in 50% formamide, and then incu- merulus. Renin gene expression was also confirmed by
bated overnight at 428C with the digoxygenin-labeled in situ hybridization in the mesangium of a few glomeruli.
renin riboprobe. Bound probe was visualized using an No difference in this sporadic finding was apparent be-
antidigoxygenin antibody (Boehringer-Mannheim) and tween control and IUGR groups (at equivalent gesta-
an immunoalkaline phosphatase method with a nitro tional age periods).
blue tetrazolium chloride/bromochloroindolyl phosphate
Effects of gestational age on RCC distribution andsubstrate system as described previously [22].
density of glomeruli
Distribution of RCCs In the control group, there was a shift in RCC distribu-
Maps of entire kidney sections were constructed by tion from the inner to outer zone of the renal cortex
scanning each section in “battlement” fashion as described with advancing gestational age. The number of RCCs
previously [18], such that a square in the center of each per 100 glomeruli in the inner cortical zone decreased
340 microscope field corresponded to a 1 cm square on significantly from 40 at 20 weeks gestation to five at term
graph paper. Mapping of RCCs and assessment of kidney [compare slope 5 0, F(1,24) 5 25.2, P 5 0.001; Fig. 3].
maturation were performed by one observer (M.H.) us- The number of RCCs in the middle zone was unaltered
ing coded sections blinded to the clinical information. at 20 per 100 glomeruli. In the outer zone, the number
The relative position of each glomerulus, artery, and of RCCs per 100 glomeruli increased from five at 20
arteriole was plotted, and individual cells expressing the weeks gestation to 55 at term [compare slope 5 0,
renin gene revealed by immunocytochemistry were F(1,24) 5 369.2, P , 0.0001; Fig. 3]. The number of
marked. Columns of Bertin and any segments for which glomeruli (including immature glomeruli) per mm2 in
the full thickness of the cortex was not represented were each zone of the renal cortex did not change with gesta-
omitted. The maps of the renal cortex were divided into tional age. Therefore, a similar pattern was observed
three bands of equal width (outer/subcapsular, middle, when the number of RCCs was expressed per mm2 of
cortical zone.and inner/juxtamedullary zones), and the number of
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Fig. 1. Diagrammatic map of a histologic section of an intrauterine growth restricted (IUGR) fetal renal cortex at 28 weeks of gestation divided
into three bands of equal width. Note the predominance of immature glomeruli (I) in the outer (nephrogenic) zone. Mature glomeruli are shown
as O, and individual renin-containing cells (RCCs) are marked as small black dots.
RCC distribution and density of glomeruli in the fashion with gestational age to near-zero values by term
(Fig. 4). A similar decline was evident in the IUGR groupIUGR group
[compare regression lines constrained to be identical,In the IUGR group, the number of RCCs in each
F(2,26) 5 2.2, P 5 0.12].cortical zone was similar to the control values at 20- to
24-weeks gestation. As gestation advanced toward term,
there was no significant change in the number of RCCs DISCUSSION
in any zone of the renal cortex (Fig. 3). This represented Renin gene expression predominates in the outer renal
a significant difference from the control group for the cortex of the healthy adult kidney [25], whereas in em-
inner and outer zones [compare regression lines con- bryonic and early fetal life, immunoreactive renin is lo-
strained to be identical, F(2,39) 5 6.6, P 5 0.004, and calized mainly in the deep (juxtamedullary) cortex [26].
F(2,30) 5 192.6, P , 0.0001, respectively], but not for In a previous publication, we assessed the change in
the middle zone [F(2,39) 5 0.6, P 5 0.4]. There was no distribution of RCCs during the perinatal period (late
significant difference in the density of glomeruli per mm2 gestation and early infancy) and showed that renin gene
of renal cortex between the control and IUGR groups. expression shifts from the deep to the superficial glomer-
uli sometime around the time of birth [18]. In this more
Histologic maturation of the IUGR kidney detailed and larger study, the control group revealed
In all IUGR cases, the kidneys appeared histologically that this physiologic process occurs during the latter half
normal and had the appropriate maturity for their gesta- of prenatal life, with the adult localization of renin gene
tional age. In the control group, the proportion of imma- expression (predominantly in the superficial cortex) be-
ing established before birth.ture glomeruli in the outer cortex declined in a nonlinear
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Fig. 2. Histologic sections of fetal kidney demonstrating renin-containing cells (RCCs, arrows) containing immunoreactive renin by the immunoper-
oxidase technique. RCCs (arrows) located in an arteriole near to a radial artery (A). An adjacent section (B) following in situ hybridization using
a riboprobe complementary to human renin mRNA indicates synthesis (arrows) at the same site. A denotes a radial artery.
Our findings of persistent renin gene expression in the lary nephrons, which are adapted for sodium retention
during postnatal life. Reduced perfusion of juxtamedul-deep renal cortex in stillborn fetuses with IUGR were
substantiated by parallel observations of renin protein lary nephrons may explain why neonatal salt loss is
greater in preterm versus term neonates such that thedistribution. The normal shift in renin gene expression
to the superficial cortex of the kidney (where nephrons former require salt supplements [29].
In IUGR, oxygen delivery to the fetal kidney is alsohave shorter loops of Henle) did not occur and the em-
bryonic/early fetal pattern of renin gene expression ap- likely to be impaired because umbilical venous blood
oxygen content [10] and fetal cardiac output [30] arepeared to persist into later fetal development. Observa-
tions based on information obtained from a retrospective both reduced compared with normal pregnancy. Fetal
renal artery Doppler waveforms suggest low flow inarchive of clinical material incur methodologic limita-
tions. They presume that fatal cases are representative IUGR because of the redistribution of fetal cardiac out-
put from the lower body (right ventricular output) to theof survivors. If further studies reveal abnormalities of
renin gene expression in survivors of IUGR, then our brain (left ventricular output), the latter preferentially
receiving oxygenated blood across the foramen ovaleobservations may represent altered programming of fetal
renin gene expression in the IUGR fetus. from the placenta via the ductus venosus [30, 31]. Low
renal blood flow and/or hypoxemia could therefore alterRenin release within the kidney generates angiotensin
II, which exerts a paracrine effect on arterial tone [27, the third trimester fetal RCC distribution in a manner
similar to that of adult renal artery stenosis where renin28]. The physiologic shift of renin gene expression from
the inner to outer cortex may therefore reduce the for- gene expression is similarly increased preferentially in
the deep (juxtamedullary) renal cortex [32, 33]. The ef-mation of locally generated angiotensin II in the inner
cortex, thereby facilitating perfusion of the juxtamedul- fects of chronic mild fetal hypoxemia on kidney develop-
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Fig. 4. Maturation of the renal cortex in control (s) and growth-re-
stricted (IUGR; d) fetuses was assessed by the proportion of immature
glomeruli remaining in the outer cortical zone as gestation advanced.
Linear regression lines are shown for analysis of cases $25 weeks
gestation.
ment and on the renin-angiotensin system could be
readily addressed using the chronically instrumented
ovine fetal model [34] where the kidney could be sam-
pled according to stereologic principles suitable for de-
termination of nephron density and quantitative molecu-
lar analysis of renin mRNA [35]. We found no differences
in RCC density between the IUGR and control groups,
although we accept that the kidneys had not been sam-
pled according to stereologic criteria.
Epidemiologic studies indicate that low birthweight is
associated with raised blood pressure in childhood and
adolescence and an increased risk of hypertension in
adult life [4–6]. Cross-transplantation studies on rat ge-
netic models of human essential hypertension implicate
the kidney in the pathogenesis of the hypertension [36].
Young (prehypertensive) spontaneously hypertensive rats
have reduced renal blood flow, glomerular filtration rate
[37, 38], and abnormalities of the intrarenal renin-angio-
tensin system [38, 39]. Blockade of the renin-angiotensin
system in young spontaneously hypertensive rats nor-
malizes renal function [37, 38, 40] and reduces or abol-
ishes the (post-treatment) rise in blood pressure [41–43].
Because this mounting body of evidence implicates the
Fig. 3. Change in density of RCCs in the inner, middle, and outer developing renal renin-angiotensin system in the patho-
zones of the renal cortex with gestational age for control (s) and genesis of hypertension during later life, our observa-growth-restricted (IUGR; d) fetuses. Linear regression lines are shown.
tions of abnormal maturation of the renin-angiotensin
system within the fetal kidney may prove relevant to
both renal function and control of blood pressure in
survivors of severe IUGR.
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